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ABSTRACT
Observations of debris disks, the products of the collisional evolution of rocky planetesimals, can be
used to trace planetary activity across a wide range of stellar types. The most common end points of
stellar evolution are no exception as debris disks have been observed around several dozen white dwarf
stars. But instead of planetary formation, post-main-sequence debris disks are a signpost of planetary
destruction, resulting in compact debris disks from the tidal disruption of remnant planetesimals. In
this work, we present the discovery of five new debris disks around white dwarf stars with gaseous
debris in emission. All five systems exhibit excess infrared radiation from dusty debris, emission lines
from gaseous debris, and atmospheric absorption features indicating on-going accretion of metal-rich
debris. In four of the systems, we detect multiple metal species in emission, some of which occur at
strengths and transitions previously unseen in debris disks around white dwarf stars. Our first year
of spectroscopic follow-up hints at strong variability in the emission lines that can be studied in the
future, expanding the range of phenomena these post-main-sequence debris disks exhibit.
1. INTRODUCTION
Planetary debris is a common feature of young stars,
with detections of circumstellar debris disks spanning
a wide range of stellar spectral classes and proper-
ties (Wyatt 2008). Observations of the dusty and
gaseous components of the debris disks provide a unique
view of planetary formation, as their structures and
evolution reveal complex planetary formation histories
(Hughes et al. 2018). In a pleasing juxtaposition, plan-
etary destruction results in a different class of debris
disks around white dwarf stars with many of the same
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observable characteristics, such as excess infrared ra-
diation from dusty debris (Zuckerman & Becklin 1987;
Graham et al. 1990) and emission lines from gaseous de-
bris (Ga¨nsicke et al. 2006). For recent reviews of these
observation properties, see Farihi (2016) and Chen et al.
(2020).
Debris disks around white dwarf stars are largely
agreed to be the product of the tidal disruption of a
planetary body that was scattered onto a highly eccen-
tric orbit, and passed within the tidal disruption radius
of the white dwarf star (Jura 2003; Veras et al. 2014).
Unlike their main-sequence counterparts, debris disks
around white dwarf stars are faint and compact with
outer radii on the order of one solar radius, and often
escape detection (Koester et al. 2014; Rocchetto et al.
2015; Bonsor et al. 2017). Despite these challenges, ob-
2servations of white dwarf debris disks provide an oppor-
tunity to learn about the evolution of debris disks, as
their compact nature leads to high levels of variability
on short timescales that has been observed on timescales
ranging from hours, to months, to years.
Focused studies on the dusty components of indi-
vidual systems reveal stochastic increases and grad-
ual decays in infrared fluxes, suggesting collisional dust
production (Farihi et al. 2018a) and disruption events
(Xu & Jura 2014; Wang et al. 2019), similar to what
has been observed around main-sequence debris disks
(Su et al. 2019). Statistical studies of the larger sam-
ple indicate this type of variability could be widespread
(Swan et al. 2019b), albeit not as pronounced in most
systems.
Some of these debris disks also host observable
gaseous components in addition to dusty compo-
nents. The gaseous components in white dwarf de-
bris disks offer the chance for ground-based follow-
up via moderate- and high-resolution spectroscopy
of absorption and emission lines. These features
exhibit a wide range of evolution, including broad
profile asymmetry shifts consistent with the preces-
sion of global patterns within the disk (Manser et al.
2016b,a; Hartmann et al. 2016; Dennihy et al. 2018;
Cauley et al. 2018; Fortin-Archambault et al. 2020) and
changes in strength associated with gas production and
depletion (Wilson et al. 2014). Unfortunately, systems
with observable gaseous components are rare. Discov-
eries of systems with gas in absorption are limited by
strict inclination constraints, while white dwarf stars
with gaseous components in emission are estimated to
have an occurrence rate among all white dwarf stars of
just 0.067 percent, with fewer than ten such systems
confirmed (Manser et al. 2020).
In this paper, we present the follow-up of five new
white dwarf stars that host debris disks with gaseous
debris in emission. All five systems show signs of accre-
tion of metal-rich debris onto the white dwarf surface,
strong infrared excesses indicative of dusty debris, and
double-peaked emission lines from gaseous debris in a
metal-rich circumstellar environment. Three of the sys-
tems show significant evolution of their gaseous emission
features over the first year of monitoring, and others ex-
hibit multiple strong metal species in emission, expand-
ing the range of phenomena these systems observe.
We begin by discussing the initial discovery of the tar-
gets and the data collected in their follow-up. Next we
examine the properties of the white dwarf host star, in-
cluding the confirmation of atmospheric pollution from
the recent accretion of metal-rich material. We continue
by presenting the excess infrared radiation for each sys-
tem, which traces the dusty component of the debris disk
surrounding the white dwarf star. Finally we explore
the emission lines emanating from the gaseous compo-
nents of the debris disks, including the different metal
species observed to be in emission and early results on
the variability of the emission lines. We close with a
brief discussion of the new systems and their addition
to the sample of white dwarf stars with observable debris
disks.
2. DATA COLLECTION
With the announcement of hundreds of thousands of
new white dwarf stars from the second Gaia Data Re-
lease (Jime´nez-Esteban et al. 2018; Gentile Fusillo et al.
2019), several hundred new debris disk candidates have
been discovered around white dwarf stars by searching
for excess infrared radiation consistent with dusty debris
(Rebassa-Mansergas et al. 2019; Xu et al. 2020, sub-
mitted to ApJ). Spectroscopic follow-up of these sam-
ples is ongoing, and here we present our observations of
five debris disks around white dwarf stars which show
gaseous debris in emission in addition to their infrared
excess. These systems were independently discovered
by and are also discussed in Melis et al. 2020, paper
in prep (C. Melis, private communication). In the Gaia
white dwarf candidate catalog of Gentile Fusillo et al.
(2019), the white dwarf stars are identified as
WDJ034736.69+162409.73, WDJ061131.70−693102.15,
WDJ064405.23−035206.42, WDJ162259.65+584030.90,
and WDJ210034.65+212256.89. For the remainder of
this work they will be referred to as WD J0347+1624,
WD J0611−6931, WD J0644−0352, WD J1622+5840,
and WD J2100+2122 respectively.
These objects belong to a class of white dwarf debris
disk systems that provide three different observables to
study the circumstellar environment and its interaction
with the white dwarf star: atmospheric pollution from
the ongoing accretion of metal-rich material at the white
dwarf surface, excess infrared radiation from the dusty
component of the debris disks, and broad emission lines
from the gaseous component of the debris disks. The
study of all three of these observables requires ground-
and space-based follow-up, utilizing photometric and
spectroscopic techniques (e.g. Melis et al. 2010). Here
we present the spectroscopic and photometric data col-
lected for the initial characterization of the five systems
discussed in this paper.
2.1. Spectroscopic Follow-up
We collected broad-band and high-resolution spectro-
scopic data for each target to characterize the white
dwarf stellar atmosphere and to search for signs of ongo-
3ing accretion from the circumstellar material. In addi-
tion, several epochs of spectroscopic follow-up were ded-
icated to searching for variability in the emission lines.
Details including the full wavelength coverage, exposure
times, and resolving power for each observation are given
in the Appendix in Table A1.
Gemini/GMOS : We used the Gemini Multi-Object
Spectrographs (GMOS; Hook et al. 2004; Gimeno et al.
2016) on both Gemini-N and Gemini-S to perform our
initial search for emission features as part of programs
GN-2019A-FT-202 and GS-2019A-FT-201. These ob-
servations were focused on detection of the calcium in-
frared triplet emission feature at 850 nm and used the
R400 grating with the 0.5 arcsecond slit for a resolving
power of 1900. In addition, we later utilized a higher-
resolution setup to confirm the emission features de-
tected in WD J1622+5840 that included the R831 grat-
ing with the 0.5 arcsecond slit for a resolving power of
3800 as part of programGN-2019A-FT-209. The GMOS
data were processed using a combination of the Gemini
IRAF package and an optimal extraction routine based
on the methods described in Marsh (1989).
VLT/X-Shooter : We observed four of our targets with
the X-Shooter wide-band intermediate-resolution spec-
trograph on the Very Large Telescope (Vernet et al.
2011) in stare mode, using the 1.0 arcsecond slit aper-
ture for the UVB arm and 0.9 arcsecond slit aperture
for the VIS arm as part of programs 0103.C-0431(B),
0104.C-0107(A), and 1103.D-0763(D). The X-Shooter
data for 0103.C-0431(B), 0104.C-0107(A) were reduced
by the ESO quality control group, and the data for
1103.D-0763(D) were reduced using the standard pro-
cedures within the Reflex1 reduction tool developed
by ESO. Telluric line removal was performed on the re-
duced spectra using MOLECFIT (Smette et al. 2015;
Kausch et al. 2015). The X-Shooter spectra serve mul-
tiple purposes, providing broad spectroscopic coverage
for spectral classification, sufficient resolution for the de-
tection of narrow absorption lines, and coverage of the
emission features including the calcium infrared triplet.
Keck/HIRES : To probe for the narrow absorption
lines that confirm the white dwarf star is accret-
ing material, we collected high-resolution echelle spec-
troscopy using the blue collimator of the High Resolu-
tion Echelle Spectrometer (HIRESb; Vogt et al. 1994)
on the Keck -1 10-m telescope for three of our targets
visible from the northern hemisphere. The Keck HIRES
data were reduced with the MAKEE2 package, and
1 http://www.eso.org/sci/software/reflex/
2 https://www.astro.caltech.edu/∼tb/makee/
we produced order-merged, normalized, signal-to-noise
weighted combinations in regions of interest around
known transitions to search for narrow absorption fea-
tures.
SOAR/Goodman: The Goodman spectrograph on the
SOAR 4-m telescope (Clemens et al. 2004) was em-
ployed to confirm the presence of and search for vari-
ability in the calcium infrared triplet emission features
detected in all five systems. We used the 1200l-R grating
with the 1.0 arcsecond slit for a resolving power of 3000.
The data were reduced using a custom set of Python-
based tools and an optimal extraction routine based on
the methods described in Marsh (1989).
2.2. Photometric Follow-up
We collected infrared photometry for each system us-
ing ground- and space-based facilities. Below we discuss
the telescopes and instruments used, including details
on the data processing methods. Additional details in-
cluding the the filters and exposure times used are given
in the Appendix in Table A2.
Gemini-N/NIRI : J, H, and K -band photometry was
collected using the Near InfraRed Imager and spectro-
graph at Gemini-North (NIRI; Hodapp et al. 2003) for
our two northernmost targets, WD J1622+5840 and
WD J2100+2122, as part of program GN-2019A-Q-303.
The data were processed using DRAGONS (Data Re-
duction for Astronomy from Gemini Observatory North
and South) v2.1.0, and the photometry was calibrated
using nearby sources from the 2MASS All-Sky Point-
Source Catalog (2MASS; Skrutskie et al. 2006) as ref-
erence stars. The NIRI J, H, and K filters are based
on the Mauna-Kea Observatories (MKO) near-infrared
system (Simons & Tokunaga 2002), and published color
transformations were used to transform the 2MASS pho-
tometry to the MKO system prior to determining a
zero-point for each combined image (Leggett et al. 2006;
Hodgkin et al. 2009).
Gemini-S/Flamingos-2 : J, H, and Ks-band photome-
try was collected using the Flamingos-2 near-infrared
wide-field imager and spectrograph at Gemini-South
(Flamingos2; Eikenberry et al. 2004) for the three re-
maining targets as part of programs GS-2018B-FT-204
and GS-2018B-Q-404. The data were processed using
DRAGONS v2.1.0, and and the photometry was cali-
brated using nearby 2MASS sources as reference stars.
The Flamingos-2 J and H filters are based on the MKO
filter set, while the Ks filter is similar to the 2MASS Ks
filter (Leggett et al. 2015), and the same color trans-
formation were used to transform the 2MASS J and H
photometry for the calibration sources prior to deter-
mining a zero-point for each combined image.
4Spitzer/IRAC : We collected 3.6 and 4.5 µm pho-
tometry using the Infrared Array Camera on Spitzer
as part of program 14220 (IRAC; Fazio et al. 2004).
Eleven frames were taken using 30 s exposures with
the medium-sized cycling dither pattern, resulting in
330 s of total integration in each channel. We produced
fully calibrated mosaic images for each target using the
MOPEX software package (Makovoz et al. 2006) follow-
ing the recipes outlined for point-source extraction in
the Spitzer Data Analysis Cookbook v6.0. PRF-fitted
photometry was conducted on each target using APEX,
with the appropriate corrections applied.
WD J0611−6931 was not included as part of this
program, but fell within the field-of-view of program
70062 of Cycle 10 (PI: J. Davy Kirkpatrick). The tar-
get is identified near the edge of the dither pattern in
IRAC Ch1, presenting some doubt of the measurement
as there are several nearby visual artifacts in the fully
reduced CBCD frames. We performed aperture photom-
etry on the CBCD frames with a small aperture to avoid
the visual artifacts. Aperture corrections were applied
as recommended in the IRAC Instrument Handbook.
3. WHITE DWARF ATMOSPHERIC PROPERTIES
AND SIGNS OF ACCRETION
Our broad-band and high-resolution spectroscopic
follow-up for each target serves to characterize the white
dwarf stellar atmosphere and to search for signs of ongo-
ing accretion from the circumstellar material. For stellar
classification, we present our broad-band spectra in Fig-
ure 1 and the spectral type and atmospheric parameters
of each target are given in Table 1. The five systems
span a broad range of stellar parameters, but we note
the particularly high effective temperature of the white
dwarf star in WD J2100+2122. At just over 25,000K,
it is the hottest white dwarf known to host dust and
gaseous debris in emission (see Table 2 of Manser et al.
2016a), and the effects of this high stellar temperature
on the emission spectra are discussed below.
Ongoing atmospheric accretion is a key property of
all known white dwarf stars that host debris disks
(Kilic et al. 2006). The most commonly detected feature
at optical wavelengths for metal-polluted white dwarf
stars is the Ca K feature at 3934 A˚ (Zuckerman et al.
2003). We produce normalized cutouts of the region
surrounding this feature (Figure 2), and detect narrow
Ca K absorption features in the spectra of all five sys-
tems. While additional metal species are detected in
some targets (e.g. Mg, Fe, Si), we leave the detailed
atmospheric abundance studies for future works.
To confirm the Ca K is atmospheric, we compare its
radial velocity (vCa) to the apparent white dwarf stel-
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Figure 1. Normalized spectra for all five targets, sepa-
rated by spectral type. The top four spectra were taken with
VLT/X-Shooter, while the bottom spectra is from Gemini-
N/GMOS. The three hydrogen-dominated atmosphere white
dwarf stars are identifiable in the top panel by their broad
balmer series absorption features (dark grey bands), and
additional emission species from Fe II and Mg I are also
seen in all three DAZ spectra, as well as Mg II absorption
near 4481 A˚in the bottom two spectra. The two helium-
dominated atmosphere white dwarf spectra are shown in the
bottom panel, with He I features identified in light grey. Tel-
luric features are present in the two DBAZ spectra between
6850 and 6950 A˚.
lar velocity (vapp) in the heliocentric corrected refer-
ence frame. The apparent velocity of the the white
dwarf star includes contributions from a gravitational
redshift due to the strong surface gravity and the sys-
temic velocity. For the stars with hydrogen-dominated
atmospheres (WD J0347+1624, WD J0611−6931 and
WD J2100+2122), we measure the apparent velocity by
fitting a Gaussian profile to the sharp, non-local ther-
modynamic equilibrium (NLTE) cores of the hydrogen
Balmer series. At the signal-to-noise of our observa-
tions, both the Hα and Hβ NLTE line cores are detected.
For the stars with helium-dominated atmospheres (WD
J0644−0352 and WD J1622+5840), the He I features
5at 4471 A˚ and 5876 A˚ are likewise fit with a Gaussian
profile and all available measurements are combined to
produce the final vapp.
The individual line measurements and the epoch of the
spectra used to measure the radial velocities are given in
Table 1. In white dwarf atmospheres, differential pres-
sure shifts can result in radial velocity differences on the
order of a few km s−1; see Falcon et al. (2012) for a dis-
cussion on this effect on measurements of the apparent
velocities of white dwarf stars with both hydrogen and
helium features visible. We do not account for these sys-
tematic differences in the reported velocities in Table 1,
but note that they are on the order of our uncertainties.
To measure the radial velocity of the Ca K absorption
feature, we fit a Gaussian profile to the normalized spec-
tra shown in Figure 2. The five systems in our sample
exhibit a wide range of morphology in their Ca K absorp-
tion profiles. In fact, WD J0644−0352 is the only target
that appears to have a simple absorption profile that is
well-described by a single Gaussian function. The Ca K
absorption features in both WD J0347+1624 and WD
J0611−6931 are contaminated by broad, double-peaked
emission from the gaseous debris, affecting our contin-
uum normalization and Gaussian fits. This systematic
uncertainty is not captured in our reported measure-
ments and the measured Ca K velocity for both systems
agrees with the measured white dwarf apparent velocity
within the reported uncertainties.
The Ca K absorption feature observed in the spectra
of WD J2100+2122 has a clear two-component struc-
ture. To determine the separation of the two compo-
nents, we simultaneously fit two Gaussian profiles to the
data, shown in the third panel of Figure 2 as a dashed
and dotted line. The central wavelengths of the two fea-
tures are 3933.51, and 3933.72A˚, corresponding to radial
velocities of −11 and +5 km s−1. The apparent velocity
of the white dwarf star is +4.9 km s−1, suggesting only
the primary absorption component (dashed line) is at-
mospheric. We use the Local Interstellar Medium (ISM)
model of Redfield & Linsky (2008)3 to search of known
ISM clouds along the line-of-sight for WD J2100+2122.
The line-of-sight intercepts two known ISM clouds, Eri
vr = −11.79 kms
−1 and Aql vr = −4.74 km s
−1. This
indicates that the −11 km s−1 component (dotted line)
is likely due to ISM absorption from the Eri cloud.
WD J1622+5840 has a wide absorption feature,
though individual components are not resolved as in
WD J2100+2122. A single Gaussian fit to the Ca K
profile results in a radial velocity that is consistent with
3 http://lism.wesleyan.edu/LISMdynamics.html
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Figure 2. Atmospheric Ca K absorption is observed in all
five targets using echelle spectra collected from Keck/HIRES
(top panel) and VLT/X-Shooter (bottom panel). WD
J2100+2122 shows evidence of multiple absorption compo-
nents while the absorption profile for WD J1622+5840 is
significantly broadened. The dashed black line shows our
Gaussian profile fits and the vertical black dash denotes the
measured centroid of the Ca K feature that is consistent
with the white dwarf apparent velocity. The second Gaus-
sian plotted as a dotted line in the WD J2100+2122 panel is
likely due to interstellar abosorption.
6Table 1. Atmospheric properties of white dwarf stars in our sample
Name SpType Teff log g UT Date vHα vHβ vHeI vHeI vapp vCa
(K) (cm s−2) 6562.7 4861.3 5875.6 4471.5 3933.7
WD J0347+1624 DAZ 20,620 7.89 2019 Dec 05 - 27±8 - - 27±8 18±1
WD J0611−6931 DAZ 16,550 7.87 2019 Oct 15 -17±4 -31±8 - - -20±5 -6±5
WD J0644−0352 DBAZ 20,850 8.17 2019 Sep 14 12±5 - 11±3 20±5 14±6 9±2
WD J1622+5840 DBAZ 19,560 7.88 2019 Jul 12 - - -17±2 -18±3 -17±4 -21±1
WD J2100+2122 DAZ 25,320 8.07 2019 Jul 10 - 6±2 - - 6±2 5±1
Note—White dwarf stellar effective temperature Teff and surface gravity log g are taken from Gentile Fusillo et al.
(2019). All velocities are given in units of km s−1. For each velocity measurement we give the reference wavelength
in air of the lines used in units of A˚, taken from the NIST Atomic Spectral Database.
the apparent white dwarf velocity, indicating the feature
is primarily atmospheric. Yet, with a full-width half-
maximum (FWHM) of 0.61 A˚, the absorption profile is
much broader than the atmospheric features we detect
in WD J0347+1624 and WD J2100+2122 (0.14 A˚ and
0.13 A˚ respectively), both of which are consistent with
instrumental broadening at this wavelength (0.11 A˚ at
3934.66A˚). It is clear that there is something additional
contributing to the width of this absorption profile.
A search of the Redfield & Linsky (2008) database re-
veals no known ISM clouds along the line-of-sight. Fur-
thermore, metal lines of Ca H, Si II, and Mg II are de-
tected and show evidence of similar broadening, which
would we do not expect from interstellar gas. Obser-
vations of nearby sources along the same line-of-sight
could definitively rule out contributions from the ISM.
Circumstellar gas, such as what was detected in the tran-
siting material around WD 1145+017(Xu et al. 2016),
is another option. However the absorption morphol-
ogy of the circumstellar lines seen in WD 1145+017 is
very different than what we see in WD J1622+5840,
with lines that are much shallower and often asym-
metric. Time evolution of the absorption morphol-
ogy would strongly indicate circumstellar material, as
has been seen for WD 1145+017 (Cauley et al. 2018;
Fortin-Archambault et al. 2020).
Another intriguing interpretation is broadening due
to Zeeman-splitting from a magnetic field at the white
dwarf surface. Given the proximity of the circumstel-
lar debris to the white dwarf star, weak magnetic fields
can have a strong effect on circumstellar material as the
alfve´n radius for the magnetic capture of in-falling ma-
terial strongly overlaps with the debris disk region (see
Figure 5 of Farihi et al. 2018b). For a rough estimate of
the magnetic field strength (B∗), we compared the mea-
sured FWHM of the Ca K absorption feature to simu-
lated spectra of varying magnetic field strengths assum-
ing the stellar parameters listed in Table 1 and a fixed
calcium abundance. At these line strengths, increas-
ing the calcium abundance can increase the line depth,
but has little effect on the line width. We find that
the width of the Ca K feature is most consistent with
a magnetic field strength between 20 and 30 kG. We do
not detect Zeeman-splitting in any of the hydrogen or
helium lines observed, however our resolution is not suf-
ficient to rule out splitting of such a weak field. Higher
resolution spectra covering these features or spectropo-
larimetric measurements could be used to confirm the
weak magnetic field. If confirmed, the magnetic field of
the white dwarf star is likely to have a strong influence
on the inner edge of the debris disk.
4. SPECTRAL ENERGY DISTRIBUTIONS AND
DUSTY INFRARED EXCESSES
The dusty components of debris disks result in spec-
tral energy distributions with a characteristic excess
of infrared radiation over the white dwarf stellar flux
(Jura 2003; Kilic et al. 2006; von Hippel et al. 2007),
although some circumstellar debris disks around white
dwarf stars are known to escape detection in the infrared
(Bergfors et al. 2014; Koester et al. 2014; Bonsor et al.
2017).
To construct the spectral energy distributions for our
targets and search for this infrared excess, we collected
publicly available photometry from the Sloan Digital
Sky Survey (Ahn et al. 2014), Panoramic Survey Tele-
scope and Rapid Response System (Chambers et al.
2016), SkyMapper Southern Survey (Wolf et al. 2018),
Two-Micron All-Sky Survey (2MASS; Skrutskie et al.
2006), and the AllWISE surveys (Cutri & et al. 2013).
We de-reddened the photometry using the technique de-
scribed in Gentile Fusillo et al. (2019), and converted
the magnitudes into units of flux density using the pub-
lished zero-points for each bandpass. In addition, we
70.5 1.0 2.0 4.0
Wavelength (μm)
0.1
1.0
Fl
ux
 (m
Jy
)
WD J0347+1624
WD Model
IR Blackbody
WD + Blackbody
Catalog Photometry
New IR Photometry
0.5 1.0 2.0 4.0
Wavelength (μm)
0.1
1.0
Fl
ux
 (m
Jy
)
WD J0611−6931
WD Model
IR Blackbody
WD + Blackbody
Catalog Photometry
New IR Photometry
0.5 1.0 2.0 4.0
Wavelength (μm)
0.1
1.0
Fl
ux
 (m
Jy
)
WD J0644−0352
WD Model
IR Blackbody
WD + Blackbody
Catalog Photometry
New IR Photometry
0.5 1.0 2.0 4.0
Wavelength (μm)
0.1
1.0
Fl
ux
 (m
Jy
)
WD J1622+5840
WD Model
IR Blackbody
WD + Blackbody
Catalog Photometry
New IR Photometry
0.5 1.0 2.0 4.0
Wavelength (μm)
1.0
10.0
Fl
ux
 (m
Jy
)
WD J2100+2122
WD Model
IR Blackbody
WD + Blackbody
Catalog Photometry
New IR Photometry
Figure 3. Spectral energy distributions of all five targets show strong infrared excesses attributable to compact, dusty debris
disks. The white dwarf stellar contribution (dashed line) is represented by a blackbody source assuming the stellar parameters
listed in Table 1, and a second blackbody source (dotted line) is added to white dwarf flux to describe the observed excess
infrared radiation (solid line). A few targets show discrepancies between the WISE catalog photometry (black squares) and
Spitzer follow-up photometry (red squares), potentially indicating contamination in the WISE bands or intrinsic variability.
For fitting the infrared excess, we only consider the targeted follow-up photometry from Spitzer and Gemini (red squares), with
the exception of WD J0611−6931 which may have a spurious Spitzer Ch 1 measurement (open square).
collected targeted infrared photometry as described in
Section 2.2. The measured fluxes were converted in units
of flux density and are presented in Table 2. The result-
ing spectral energy distributions combine our targeted
follow-up with the collected survey data, and are shown
in Figure 3.
4.1. Establishing The Infrared Excess
To model the stellar contribution to the measured
photometry, we approximate the white dwarf star with a
blackbody source with a fixed effective tempearture and
radius consistent with the parameters given in Table 1.
The radius is derived from the log g value using the evo-
lutionary tracks of Fontaine et al. 2001 with the appro-
priate spectral type. The stellar model is then scaled
to the observed flux using all photometry measurements
with wavelengths below one micron. Approximating the
white dwarf star as a blackbody source is not appro-
priate for detailed modeling of the infrared excess, but
serves our purpose as a qualitative point of reference for
the stellar contribution to the infrared flux. All five tar-
gets exhibit significant excess infrared radiation above
the expected stellar contribution beyond 1.5 microns.
Infrared excess candidates that depend on WISE
photometry are well known to suffer from appre-
ciable amounts of contamination (Barber et al. 2014;
Silverberg et al. 2018), that in many cases require
Spitzer follow-up to resolve (Dennihy et al. 2020).
In this case, all five targets were initially se-
lected for follow-up based on their WISE excess
(Rebassa-Mansergas et al. 2019; Xu et al. 2020, submit-
ted to ApJ), necessitating a careful comparison of the
catalog photometry and the infrared follow-up photome-
try. Three targets in our sample, WD J0347+1624, WD
J1622+5840 and WD J2100+2122, showed significant
discrepancies between the catalog and collected infrared
photometry as seen in Figure 3. In all three systems the
collected Spitzer photometry is lower than the reported
WISE photometry, which could be reconciled by addi-
tional flux in the WISE measurements due to source
confusion (Wilson & Naylor 2017; Dennihy et al. 2020).
8Table 2. Infrared properties of the dusty debris detected in our sample.
Name Gaia G Gemini Spitzer AllWISE TIR RIR τ
(mag) J H K Ch 1 Ch2 W1 W2 (K) (RWD) (%)
WD J0347+1624 16.7 249± 13 180± 10 169± 9 98± 5 78± 4 178± 9 145 ± 13 1760 9 0.38
WD J0611−6931 16.8 196± 10 216± 10 421± 21 591± 30 - 690± 35 796± 40 1070 55 5.16
WD J0644−0352 16.2 325± 16 229± 11 208± 10 239± 12 249± 13 224± 11 210± 17 1030 29 0.49
WD J1622+5840 16.9 159± 10 111± 7 83± 4 78± 4 75± 4 118± 6 104± 6 900 25 0.27
WD J2100+2122 15.2 662± 33 529± 27 507± 25 689± 35 685± 34 786± 39 840± 42 1060 36 0.39
Note—All infrared fluxes are given in units of micro-Janskys. Note that the WD J0611−6931 Spitzer Ch1 measurement may be
spurious (see Section 2.2).
To help distinguish between source confusion and in-
trinsic variability, we examine the Spitzer Ch1 and Ch 2
frames for evidence of nearby sources. We find that
WD J1622+5840 is blended with a nearby source in
both Ch 1 and Ch 2 images that is only resolved through
PRF-fitted photometry. We perform aperture photom-
etry on the Spitzer images with a radius of 7.8′′, cor-
responding to the approximate confusion limit of the
automatic source de-blending routine used in AllWISE
pipeline4. The wide aperture photometry of the Spitzer
Ch1 and Ch 2 is consistent with the photometry re-
ported by WISE, confirming source confusion is respon-
sible for the difference in flux seen in WD J1622+5840.
The Spitzer images for WD J0347+1624 and WD
J2100+2122 show the targets are clear of nearby con-
taminating sources, and large aperture photometry of
the IRAC Ch1 and Ch 2 images does not resolve the
discrepancy between the AllWISE and Spitzer photom-
etry. Recently, infrared variability of dusty debris disks
around white dwarfs has been detected on timescales of
months and years (Xu et al. 2018; Farihi et al. 2018a;
Swan et al. 2019b; Wang et al. 2019). Intrinsic variabil-
ity remains a plausible explanation for these two tar-
gets, and presents some issues for our attempts to fit
or describe the infrared excess, as the spectral energy
distributions presented in Figure 3 include survey data
with epochs spanning several years. To attempt to mit-
igate the effects of intrinsic variability on our fits to the
infrared excess, we choose to only consider the newly
collected infrared photometry, which was all collected
within the past two years.
As discussed in Section 2.2, the Spitzer data for WD
J0611−6931 is potentially spurious, so we choose to
rely on the WISE photometry when fitting the infrared
excess. In the IRAC Ch1 images, the target is free
4 http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4 4c.html
of nearby sources that might contaminate the WISE
photometry, and there is a rough agreement between
the IRAC Ch1 and WISE W1 fluxes, supporting this
choice.
4.2. Characterizing The Infrared Excess
To describe the infrared excess, we fit an additional
single-temperature blackbody component to the spec-
tral energy distribution using a chi-squared minimiza-
tion process with the temperature and radius set as free
parameters and the blackbody source placed at the dis-
tance of the white dwarf star. We show the best-fitting
combination of white dwarf and blackbody source along
with the collected photometry in Figure 3, and report
the parameters of the best-fitting infrared source in Ta-
ble 2.
The temperature and radii of the best-fitting in-
frared source are not consistent with theoretical pre-
dictions for stellar and sub-stellar companions, as their
radii are too large given their inferred temperatures
(Chabrier & Baraffe 1997; Chabrier et al. 2000). Given
the detections of emission lines from circumstellar gas,
the most likely interpretation is that the infrared excess
is due to circumstellar dust. The inferred blackbody
temperatures would correspond to dust re-radiating in
thermal equilibrium that is near or within the tidal dis-
ruption radius of the white dwarf star, depending on
whether the dust is assumed to be optically thick or
optically thin (Jura 2003; Reach et al. 2005).
The optically thick and vertically thin model of Jura
(2003) has since become the preferred description of the
dust in these systems, and could help constrain the ge-
ometry of the dust. When combined with models of
the gaseous emission lines, a more complete picture of
the debris disk environment can be constructed, and the
analyses of similar systems have shown the dusty and
gaseous material to be largely coincident (Melis et al.
2010). However, we lack the longer wavelength obser-
9Table 3. Properties of the emission features from the gaseous debris detected in our sample.
Name UT Date Ca 8498 Eqw Ca 8542 Eqw Ca 8662 Eqw FWZI Additional Emission Species
(A˚) (A˚) (A˚) (km s−1)
WD J0347+1624 2018 Dec 03 5.24±0.4 5.61±0.39 6.52±0.4 630±50 O I, Fe II
2019 Jan 24 5.9±0.13 6.57±0.13 6.31±0.13 670±50
2019 Nov 14 7.74±0.11 8.69±0.11 7.96±0.11 590±30
WD J0611−6931 2019 Oct 15 10.65±0.16 14.92±0.17 15.75±0.17 1360±50 O I, Si I, Mg I, Na I, Fe II
WD J0644−0352 2019 Feb 11 0.78±0.1 0.93±0.1 1.21±0.1 - None
2019 Mar 23 0.85±0.1 0.91±0.1 1.06±0.1 -
2020 Feb 14 1.02±0.14 1.14±0.13 1.23±0.13 910±70
WD J1622+5840 2020 Mar 01 0.51±0.12 0.91±0.13 0.81±0.11 - O I
2020 May 03 0.72±0.10 1.03±0.12 1.02±0.12 1110±100
WD J2100+2122 2019 Apr 09 0.26±0.1 0.25±0.1 0.34±0.1 - O I, Fe II
2019 May 15 0.53±0.27 0.43±0.28 0.81±0.27 -
2019 Jun 17 1.83±0.42 2.83±0.43 1.61±0.42 650±70
2019 Jul 12 0.44±0.12 0.27±0.12 0.37±0.12 -
Note—The FWZI measurements are an average of the three calcium infrared triplet emission profiles and are only calculated
when a clear detection of both edges of the profile can be made. As discussed below, some systems show significant evolution
over time in both profile strength and shape that lead to variations in these measurements.
vations needed to constrain models with multiple free
parameters. The potential for intrinsic variability fur-
ther complicates this effort, as recent works suggest sev-
eral optically thin and thick components may be needed
to describe such infrared variations (Swan et al. 2020).
We therefore choose to limit our characterization of the
infrared excess to the best-fitting parameters of a single-
temperature blackbody for this work.
While a single-temperature blackbody is a poor phys-
ical representation of the circumstellar dust that is nei-
ther spherical nor at a single-temperature, it is still
useful for comparison putting these discoveries in con-
text of the known sample of white dwarf debris disks.
Both Rocchetto et al. (2015) and Dennihy et al. (2017)
have explored the bulk sample properties of white dwarfs
with known circumstellar debris disks modeled as single-
temperature blackbodies. As compared with the sample
analyzed in Dennihy et al. (2017), the best-fitting in-
frared temperatures and radii of the new debris disks are
consistent with other white dwarf debris disks known to
host gaseous debris in emission, strengthening the cor-
relation between the brightness of the debris disk and
its propensity to host gaseous debris in emission.
One way to quantify the brightness of the debris
disk is to calculate the fractional infrared brightness
of the infrared source (τ , given in units of percent),
which we report in Table 2. By approximating the
debris disk as a single-temperature blackbody, we are
not capturing the true fractional infrared brightness,
but it allows for direct comparison with the sample
analyzed by Rocchetto et al. (2015), who used similar
methodology. The debris disks in all five white dwarfs
show fractional infrared luminosities that are consis-
tent with other dusty white dwarfs at similar temper-
atures (Rocchetto et al. 2015). WD J0611−6931 is an
exception. The fractional infrared flux of 5.16 % is
unusually high, exceeding that of GD 362, one of the
brightest known dusty debris disks around a white dwarf
(Becklin et al. 2005; Kilic et al. 2005). The strength of
the infrared excess of GD 362 requires multiple dusty
components to model (Jura et al. 2007), and a similar
approach would be required if one considers all of the
infrared flux from WD J0611−6931 to be a result of
circumstellar dust.
Finally, we emphasize that while instructive, our
choice of a single-temperature blackbody models for fit-
ting the spectral energy distribution limits the interpre-
tations we can make. These simplifications allow us to
quickly place the new discoveries in the context of other
similar systems, but more detailed modeling is needed
to understand the geometry and fundamental properties
of the circumstellar dust.
5. GASEOUS EMISSION LINE SHAPES,
STRENGTHS, AND EVOLUTION
In addition to the excess infrared radiation from the
dusty components of the debris disks around these stars,
10
all five systems exhibit emission lines emanating from
a gaseous component. Here we present the emission
lines detected, including a search for variability over
the first year of follow-up by combining data from
Gemini/GMOS, VLT/X-shooter, and SOAR/Goodman.
Changes in the absorption and emission profiles of
gaseous components in debris disks around white
dwarf stars have been detected on timescales of
minutes (Manser et al. 2019), months (Redfield et al.
2017), years (Ga¨nsicke et al. 2008; Cauley et al. 2018;
Dennihy et al. 2018), and decades (Wilson et al. 2014,
2015; Manser et al. 2016b,a), so the proper follow-up of
newly discovered systems can be a daunting task. With
only a few epochs for each system, we are unable to pro-
vide a detailed analysis, but our early follow-up hints at
some familiar classes of variability and gives an oppor-
tunity to assess the future needs for each system.
We focus our discussion on the calcium infrared triplet
emission feature, as it is commonly the strongest emis-
sion feature detected in these systems (Manser et al.
2020). In Table 3, we provide a few measurables of
the calcium triplet emission profiles for each system, in-
cluding the equivalent width and the full-width zero-
intensity (FWZI), measured as the separation between
the points where the red/blue-shifted edges of the emis-
sion line profile meets the continuum. The reported
FWZI value is the uncertainty weighted combination
of the three independent FWZI measurements from the
calcium triplet emission features.
The FWZI and equivalent with measurements pre-
sented in Table 3 are useful for comparison with known
systems and for tracking the evolution of the emission
features over long timescales. Our measurements are
given at a single epoch but in our limited follow-up we
already see signs of such evolution. In several of our
systems we also note detections of Fe, Mg, Si, Na, and
O in emission, presented in the Appendix. We discuss
the emission species detected and the variability of each
system individually below.
5.1. WD J0347+1624
The calcium infrared triplet emission from the gaseous
debris around WD J0347+1624 was initially observed
in December 2018 in a slightly asymmetric phase, with
a blue-shifted peak as seen in Figure 4. The emission
profiles are strong relative to other known white dwarf
systems with gaseous debris in emission, reaching peak
fluxes up to twice that of the white dwarf stellar contin-
uum. With a full-width zero-intensity of just 630±40
km s−1, the profiles are narrower than the similarly
strengthened system WD 1226+110 (Ga¨nsicke et al.
2006; Melis et al. 2010), suggesting the disk is either ob-
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Figure 4. The calcium infrared triplet emission line pro-
files in WD J0347+1624 are observed to undergo asymmetry
shifts in our early follow-up, suggesting similar behavior to
WD 1226+110 and HE 1349−2305. The dashed line marks
the rest wavelength of the calcium infrared triplet.
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Figure 5. The third epoch of our follow-up of WD
J0347+1624 shows a significant increase in the equivalent
widths of all three calcium triplet emission lines.
served at a lower inclination or that the emitting region
is farther from the white dwarf star.
Additionally, we see evidence of emission from O I
and Fe II throughout the spectra, and emission at the
Ca K transition 3934 A˚, presented in Figure A1. Similar
emission features have been observed in the spectra of
the gaseous debris disks around Ton 345 (Melis et al.
2010) and WD 1226+110 (Manser et al. 2016b), and
raise the possibility of performing direct compositional
analyses of the gaseous material using spectral synthe-
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sis codes, such as what has recently been performed for
the gaseous material around the white dwarf star WD
J0914+1914 (Ga¨nsicke et al. 2019). Further discussion
of the additional emission species detected amongst our
sample is given in Section 6.
A follow-up spectrum in January 2019 showed a tran-
sition in the calcium infrared triplet emission to a more
symmetric profile, and continued monitoring indicates
the system is undergoing the same periodic global asym-
metric profile evolution as has been recorded in the
emission profiles of WD 1226+110 (Manser et al. 2016b)
and HE 1349−2305 (Dennihy et al. 2018) and the ab-
sorption profiles of WD 1145+017 (Cauley et al. 2018;
Fortin-Archambault et al. 2020). If the emission profiles
continue to evolve at the rate we have seen, the period
for WD J0347+1624 is likely to be between two and
three years.
The periodic asymmetric evolution seen in these sys-
tems is well described by the precession of a fixed pattern
within the disk (Hartmann et al. 2016; Manser et al.
2016b), driven by either general relativity or pressure
differences within the disk (Miranda & Rafikov 2018).
The recent detection of hourly variations in the emis-
sion profiles of WD 1226+110 suggests the presence of a
planetesimal within the debris disk (Manser et al. 2019)
that could be also responsible for the long-term emis-
sion profile behavior seen in WD 1226+110 and other
similar systems (Manser et al. 2020). The strength and
similarity in behavior of the calcium triplet emission line
profiles of WD J0347+1624 make it a good test case for
such theories.
Finally, as shown in Figure 5, the equivalent width of
all three calcium triplet emission profiles in our 2019 Nov
11 spectra is significantly higher than the previous two
epochs. The FWZI metric shows no significant variation
over this time. It remains to be seen if this increase is
stochastic or is correlated with the asymmetric profile
evolution discussed earlier.
5.2. WD J0611−6931
The calcium infrared triplet emission from the gaseous
debris around WD J0611−6931 was observed with
VLT/X-Shooter in October 2019. As shown in Fig-
ure 6, the system displays strong and broad emission
lines, similar in width to the gaseous debris of Ton
345 and SDSS1043+0855 (Ga¨nsicke et al. 2007, 2008;
Melis et al. 2010). In addition to the calcium infrared
triplet emission, we detect several other metal species
in emission including lines from Mg I, O I, Fe II, Si I,
and Na I, shown in Figure A2. The latter two emission
species are unique amongst the sample of white dwarfs
with gaseous debris. All of the lines exhibit comparable
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Figure 6. Broad, mostly symmetric calcium triplet emission
profiles are observed in WD 0611-6931, with an additional
Mg I emission feature seen at 8806A˚.
width in velocity space, indicating the different species
share a similar inner disk radius.
In contrast to the additional metal species seen in the
gaseous debris around the systems presented here and in
the literature, the only Fe II emission line we detect in
the spectra WD J0611−6931 is at 5169 A˚, likely blended
with Mg I emission. In addition, the Mg I lines are com-
parable in strength to the calcium infrared triplet lines,
which are typically much stronger than all other species
(Manser et al. 2020). The strength of the Mg I lines, the
detection of Si I, the lack of strong Fe II emission, and
the potential Na I detection suggest a unique chemical
composition for the planetary body that is populating
the debris disk. It is worth noting however that the
white dwarf star is several thousand degrees cooler than
those of WD J0347+1624 and WD 1226+110, so the
difference could be due to the excitation mechanism for
the circumstellar gas.
5.3. WD J0644−0352
The calcium infrared triplet lines from the gaseous
debris around WD J0644−0352 were initially seen as
weak and highly asymmetric, with a strong blue-shifted
peak and little initial evidence of a red-shifted emission
component in February 2019 (see Figure 7). The lines
appeared almost single-peaked, and the lack of a clear
red-shifted component clouded the origin of the emis-
sion. Binary systems consisting of a white dwarf star
and a highly irradiated stellar or sub-stellar compan-
ion are also known to show both an infrared excess and
emission lines from the companion (e.g. Longstaff et al.
2017), and their radial velocity variable, single-peaked
emission lines can easily be mistaken for an emission fea-
ture from an asymmetric debris disk. A recent example
of this is SDSS J114404.74+052951.6, initially under-
stood as a gaseous disk around a white dwarf (Guo et al.
2015), but later shown to demonstrate radial velocity
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Figure 7. The weak, highly asymmetric calcium infrared
triplet emission lines of WD J0644−0352 were observed tran-
sitioning to nearly symmetric state in early 2020. An ab-
sorption feature seen near the center of the emission lines is
presumed to be atmospheric.
0 50 100 150 200 250 300 350
Time (days)
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
E
qu
i 
al
en
t W
id
th
 (Å
)
8498 Å
8542 Å
8662 Å
WD J0644Å0352
Figure 8. No significant changes are seen in the equivalent
widths of the calcium triplet emission lines in our follow-up
of WD J0644-0352.
variability consistent with chromospheric emission from
a heated companion (Florez & Wilson 2020).
Such extreme line profile asymmetry has been seen
in the gaseous components of white dwarf debris disks,
notably at the maximum phases of evolution for HE
1349−2305 (Dennihy et al. 2018). In cases like this,
multi-epoch spectra or evidence of a red-shifted emis-
sion shelf is needed to confirm that the emission lines
are from a circumstellar disk. Our follow-up in March
of 2019 showed little evolution of the profiles, however
by February of 2020 the profiles had evolved to a near-
symmetric phase with a doppler-broadened structure,
confirming the presence of a Keplerian disk and pro-
file evolution similar to HE 1349−2305. The timescale
of variations indicates a period between four and ten
years. No significant variation in the equivalent width
of the lines is seen between our three epochs as shown
in Figure 8.
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Figure 9. Similar to WD J0644−0352, the weak and
highly asymmetric calcium infrared triplet emission of WD
J1622+5840 show evidence of evolution towards a more sym-
metric profile in our early follow-up.
In the initial March 2019 spectrum shown in Figure
9, the calcium infrared triplet emission profiles for WD
J1622+5840 were remarkably similar to those of WD
J0644−0352. They appeared nearly single-peaked and
completely blue-shifted, prompting the need for higher-
resolution and multi-epoch follow-up to confirm their
nature. In a second spectrum taken in May 2019 with
a higher-resolution setup, we saw that the asymmet-
ric, blue-shifted lines do indeed have a weak, red-shifted
shelf that is indicative of an eccentric, Keplerian disk.
We have not attained further follow-up to confirm the
variability of the emission lines, but the similarities with
the gaseous debris observed around WD J0644−0352
and HE 1349−2305 suggest they should transition to
a more symmetric phase over time.
In addition to the calcium infrared triplet emission,
we see evidence of O I in emission at 7770A˚ and 8450A˚
in both the low and high-resolution spectra , shown in
Figure A3. The O I features have similar peak fluxes to
the calcium triplet emission lines.
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Figure 10. A rapid increase in strength is seen in the cal-
cium infrared triplet emission of WD J2100+2122, suggest-
ing a highly dynamic environment with ongoing gas produc-
tion or excitation. The changes are also seen in the equivalent
width measurements presented in Figure 11.
The initial April 2019 spectrum showed a very
marginal detection of calcium infrared triplet emission,
shown in Figure 10. Follow-up in May 2019 showed signs
of increasing strength in the calcium infrared triplet,
with the appearance of an asymmetric, blue-shifted pro-
file. The increase in strength and change in morphology
continued in June 2019, where we observed a double-
peaked emission profile structure. By July 2019, the
emission profiles had decreased in strength, completing
a return to the initial state. In Figure 11 we show our
measurements of the equivalent widths of the emission
lines over time, which show the entire departure and
return taking place within two months.
A similar change in strength of the calcium triplet
emission features has been observed in the debris
disk surrounding WDJ1617+1620 (Wilson et al. 2014),
wherein the emission profiles first increased and then
slowly declined over the course of ten years, suggest-
ing the fading is related to a return to a nascent
state following recent collision or other stochastic event
(Wilson et al. 2014). The changes in strength we have
observed in WD J2100+2122 occur on a timescale of
months as opposed to years, increasing and decreasing in
strength within sixty days. As we have only been mon-
itoring the system for a few months, it is unlikely that
we have managed to catch a one-off brightening event.
However with only a single event observed, we can not
say whether we expect the event to repeat and on what
timescale. Still, cyclical changes in emission strength are
an intriguing possibility as the timescale could indicate
an ongoing interaction between an existing disk and a
larger planetesimal on a wide orbit. Given the dynamic
origin of the material that populates white dwarf debris
disks, such interactions are expected during the tidal
disruption process (Malamud & Perets 2020) and have
been observed by the evolution of the disrupting, transit-
ing debris (Vanderburg et al. 2015; Vanderbosch et al.
2019).
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Figure 11. The changes in equivalent width of the cal-
cium infrared triplet emission profiles of WD J2100+2122
demonstrate the rapid appearance and disappearance of the
emission features over a timescale of a few months. The first
four epochs correspond to the four spectra shown in Figure
10.
In addition to the calcium infrared triplet emission,
a series of Fe II emission is observed throughout the
spectrum and a weak O I line is detected , as shown in
Figure A4. In some cases the Fe II emission is stronger
than the calcium infrared triplet emission. At just over
25,000K, the white dwarf star is very hot for hosting
gaseous and dusty debris which could be responsible for
the high strength of the Fe II emission with respect to
the calcium infrared triplet. Unfortunately, on many
epochs we do not have the spectral coverage to search for
changes in the strength in the Fe II emission features to
compare with the changes we see in the calcium infrared
triplet emission.
6. DISCUSSION
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The discovery of five new white dwarf debris disks
with dusty infrared excesses and gaseous debris in emis-
sion provides a substantial increase of the known sample,
increasing the number from seven to 12 (Manser et al.
2016a), including the hottest white dwarf discovered to
host such a disk, WD J2100+2122. The increase is
expected given the influx of known white dwarf stars
from Gaia, and the continued spectroscopic follow-up
of white dwarfs with infrared excesses and large sam-
ples of stars expected to be observed as part of upcom-
ing spectroscopic surveys are certain to discover more
(Manser et al. 2020; Melis et al. 2020, paper in prep).
With targeted photometric follow-up, we confirm the
WISE infrared excess reported for all five systems. Us-
ing a single-temperature blackbody fit to the infrared
excess, we conclude that the infrared excess is likely due
to dust, though we are not able to constrain the dust
properties without further modeling. The infrared ex-
cess seen around WD J0611−6931 is exceedingly strong
for interpretation as a flat, dusty debris disk, making it
a good target for detailed studies of alternative debris
disk geometries (Jura et al. 2007).
WD J0347+1624 andWD J2100+2122 show decreases
between the WISE catalog photometry and our Spitzer
follow-up, and the lack of nearby sources in the corre-
sponding Spitzer images suggests that the WISE pho-
tometry is unlikely to be contaminated, and that in-
trinsic variability may be responsible for the difference.
This is particularly interesting in the context of the re-
cent findings of Swan et al. (2020), that shows dusty
white dwarfs with gaseous debris in emission tend to
show stronger infrared variations than those without
gaseous debris in emission. Both targets are sufficiently
bright for detection in the NEOWISE-R Single Expo-
sure Source Table5, and should be monitored over time
for continued variation.
All five of the white dwarf debris disk systems show
signs of active accretion via the detection of atmospheric
calcium. Some show absorption features from other
metal species, such as Mg, Si, and Fe, and are suitable
for detailed abundance analyses to explore the chemi-
cal compositions of the accreted bodies and accretion
rates of the material to compare with the greater sample
(e.g. Xu et al. 2019; Swan et al. 2019a). These analyses
would benefit from a more accurate determination of the
white dwarf atmospheric properties using spectroscopic
methods, which we leave for future works. The possi-
bility of magnetism in WD J1622+5840 has strong im-
plications for its circumstellar environment and should
5 Available at https://irsa.ipac.caltech.edu
be further investigated. Spectropolarimetric measure-
ments could quickly determine if the white dwarf is
indeed weakly magnetic (Landstreet & Bagnulo 2019),
and spectra of nearby stars could be obtained to rule
out contributions from interstellar absorption.
Three of the systems we present show significant evo-
lution of their emission line profiles over their first year
of observation. With these new discoveries, it is clear
there are at least two classes of long-term variability ex-
hibited by white dwarfs with gaseous debris that are not
necessarily mutually exclusive. WD J0347+1624 and
WD J0644−0352 display the asymmetric profile evo-
lution that has been associated with precessing eccen-
tric debris around SDSS J0845+2257, WD 1226+110,
HE 1349-2305, and WD 1145+017 (Wilson et al. 2015;
Manser et al. 2016b; Dennihy et al. 2018; Cauley et al.
2018; Miranda & Rafikov 2018), while WD J2100+2122
exhibits both morphological variability and stochas-
tic variations that had previously only been observed
in SDSS J1617+1620 (Wilson et al. 2014). The short
variability timescales for the emission lines in WD
J0347+1624, WD J0644−0352, and WD J2100+2122
make them attractive targets for continued follow-up.
The detection of multiple strong metal species in emis-
sion for several of the systems also provides future works
the opportunity for direct compositional analysis of the
gaseous debris. Previously, additional metal species
were detected in only two of the seven similar systems
known to host dusty and gaseous debris in emission, in-
cluding Fe II in Ton 345 (Melis et al. 2010) and Fe II,
O I, Mg I, and Mg II in WD 1226+110 (Melis et al.
2010; Hartmann et al. 2011; Manser et al. 2016b). In
contrast, WD J0611−6931, WD J1622+5840, WD
J2100+2122 all show additional features which are com-
parable in strength or stronger than the calcium infrared
triplet, which is visualized in Figure 12. Note that
the absolute strengths of the emission lines also span
nearly two orders of magnitude, as denoted by the scale
factors used to normalize the axes. The detections of
multiple strong species in emission and significant vari-
ability in the strength of the calcium infrared triplet
in WD J2100+2122 emphasize that future searches for
these systems should rely on broad-band and multi-
epoch spectroscopy when available.
The range of emission strengths demonstrate that
these systems host a diverse range of circumstellar en-
vironments. The different excitation species could be
signs of unique planetary compositions, or more com-
plex environmental factors such as the debris disk ge-
ometry or heating mechanisms. Recent advances in
the modeling of the gaseous environments around white
dwarf stars show that with enough detections of individ-
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Figure 12. A visual representation of the relative strengths of the new emission species detected in four of the systems,
compared against the prototypical system WD 1226+110 on the left (Manser et al. 2016b). Detections are shown as circles
and upper limits as downward facing arrows, and the points have been scaled by the maximum equivalent width detected in
each spectrum. WD J1622+5840 and WD J2100+2122 in particular stand out as having emission lines from additional species
that are stronger than the calcium infrared triplet, though the measurements for WD J2100+2122 were taken after the peak
in calcium triplet emission strength. The comparison demonstrates the diversity of circumstellar environments these systems
exhibit.
ual excitation species, these degeneracies can be lifted
(Ga¨nsicke et al. 2019; Fortin-Archambault et al. 2020).
In addition to the continued variability monitoring, the
direct compositional analyses of the debris in the sys-
tems presented here is an exciting prospect for future
studies.
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APPENDIX
A. ADDITIONAL EMISSION LINES DETECTED AND OBSERVATION LOGS
In this appendix we present figures showing the additional emission species detected in addition to our spectroscopic
and photometric observation logs. The additional emission detections were done by eye, and may not consitute an
exhaustive list of all lines present in the spectra. Wavelengths for the lines are taken from the NIST Atomic Spectral
Database and referenced in air.
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Figure A1. VLT/X-Shooter spectra of WD J0347+1625 shows several metal species in emission in addition to the calcium
infrared triplet. Fe II species from the 3d6(5D)4p upper energy level are detected at 4489.18, 4491.40, 4515.33, 4520.22, 4522.62,
4549.46, 4583.82, 4629.33, 5018.44, 5169.03, 5197.57, 5234.62, 5276.00, and 5316.61 A˚. O I species from the 2s22p3(4S0)3p upper
energy level are detected in a blend around 7774.17 and 8446.36 A˚ in the gaseous debris of WD J0347+1624. A weak, blended
line of O I and Mg II may also be present near 7890 A˚.
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Figure A2. Additional metal species seen in emission in the VLT/X-Shooter spectra of WD J0611−6931. A blend of Mg I
species from the 3s4s upper energy level are detected at 5167.32, 5172.68, 5183.60 A˚ and potentially Fe II from the 3d6(5D)4p
upper energy level at 5169.03 A˚. No other strong Fe II lines are detected. Si I from the 3s23p4s upper energy level is detected at
3905.52 A˚, and O I species from a blend around 7774.17 A˚ are detected in emission from the gaseous debris of WD J0611−6931.
The O I and Si I features share a similar profile shape and width in velocity space as the calcium infrared triplet features,
suggesting they are coming from the same emitting region. Finally, an emission feature is detected near the Na I doublet at
5889.95 and 5895.92 A˚.
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Figure A3. O I species are seen in emission in the smoothed Gemini-N/GMOS spectra of WD J1622+5840. O I species
from the 2s22p3(4S0)3p upper energy level are detected in a blend around 7774.17 and 8446.36 A˚ in the gaseous debris of WD
J1622+5840, comparable in strength to the calcium infrared triplet.
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Figure A4. Several iron species are seen in emission in the VLT/X-Shooter spectrum of WD J2100+2122. Fe II species
from the 3d6(5D)4p upper energy level are detected at 4489.18, 4491.40, 4515.33, 4520.22, 4522.62, 4549.46, 4583.82, 4629.33,
5018.44, 5169.03, 5197.57, 5234.62, 5276.00, and 5316.61 A˚ in the gaseous debris of WD J2100+2122. A weak O I species from
the 2s22p3(4S0)3p upper energy level is detected in a blend around 7774.17 A˚. The iron lines are comparable in strength to the
calcium infrared triplet.
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Table A1. Observation log for collected spectroscopic data.
Target Telescope/Instrument Program ID UT Date Coverage (A˚) Resolving Power Integration Time (s)
WD J0347+1624 Gemini-N/GMOS-N GN-2019A-FT-202 2019 Jan 24 6200 − 10500 1900 5x300
Keck/HIRESb 2019B N072 2019 Dec 05 3130 − 5960 37,000 3x1800
SOAR/Goodman Partner-UNC 2018 Dec 03 7550 − 8720 3000 5x600
SOAR/Goodman Partner-UNC 2019 Nov 14 7550 − 8720 3000 9x600
VLT/X-Shooter 1103.D-0763(D) 2019 Dec 05 3000 − 10400 5100/8800 4x400
WD J0611−6931 VLT/X-Shooter 0104.C-0107(A) 2019 Oct 15 3000 − 10400 5100/8800 2x1700
WD J0644−0352 Gemini-S/GMOS-S GS-2019A-FT-201 2019 Feb 11 6200 − 10500 1900 5x300
SOAR/Goodman Partner-UNC 2019 Mar 23 7550 − 8720 3000 12x600
SOAR/Goodman Partner-UNC 2020 Feb 14 7550 − 8720 3000 16x600
VLT/X-Shooter 103.C-0431(B) 2019 Sep 14 3000 − 10400 5100/8800 2x1700
WD J1622+5840 Gemini-N/GMOS-N GN-2019A-FT-202 2019 Mar 01 6200 − 10500 1900 5x300
Gemini-N/GMOS-N GN-2019A-FT-209 2019 May 03 7300 − 9600 3800 7x300
Keck/HIRESb 2019B N072 2019 Jul 10 3130 − 5960 37,000 3x1800
WD J2100+2122 Gemini-N/GMOS-N GN-2019A-FT-202 2019 Apr 09 6200 − 10500 1900 4x300
Keck/HIRESb 2019B N072 2019 Jul 10 3130 − 5960 37,000 3x1200
SOAR/Goodman Partner-UNC 2019 May 15 7550 − 8720 3000 5x600
SOAR/Goodman Partner-UNC 2019 Jun 17 7550 − 8720 3000 6x600
SOAR/Goodman Partner-UNC 2019 Sep 02 7550 − 8720 3000 6x600
VLT/X-Shooter 0103.C-0431(B) 2019 Jul 12 3000 − 10400 5100/8800 4x400
Table A2. Observation log for collected photometric data.
Target Telescope/Instrument Program ID Date Filters (Integration Time)
WD J0347+1624 Gemini-S/Flamingos-2 GS-2019B-FT-204 2018 Oct 17 J (6x10s), H (19x6s), Ks (19x10s)
Spitzer/IRAC 14220 2019 Jun 02 Ch 1 (11x30s), Ch 2 (11x30s)
WD J0611−6931 Gemini-S/Flamingos-2 GS-2018B-Q-404 2018 Dec 22 J (6x15s), H (29x6s)
Gemini-S/Flamingos-2 GS-2018B-Q-404 2018 Dec 30 Ks (17x20s)
Spitzer/IRAC 70062 2010 Dec 22 Ch 1 (5x30s)
WD 00644−0352 Gemini-S/Flamingos-2 GS-2019B-FT-204 2018 Oct 17 J (6x10s), H (19x6s)
Gemini-S/Flamingos-2 GS-2019B-FT-204 2018 Oct 20 Ks (19x10s)
Spitzer/IRAC 14220 2019 Jul 05 Ch 1 (11x30s), Ch 2 (11x30s)
WD J1622+5840 Gemini-N/NIRI GN-2019A-Q-303 2019 Jun 15 J (10x10s), H (26x10s), K (26x10s)
Spitzer/IRAC 14220 2019 Jun 08 Ch 1 (11x30s), Ch 2 (11x30s)
WD J2100+2122 Gemini-N/NIRI GN-2019A-Q-303 2019 Jun 30 J (10x10s), H (26x10s), K (26x10s)
Spitzer/IRAC 14220 2019 Sep 09 Ch 1 (11x30s), Ch 2 (11x30s)
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